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We study the Galileon scalar ﬁeld model arising as a decoupling limit of the Dvali–Gababdaze–Porrati
(DGP) construction for the late time acceleration of the universe. The model has one extra Galileon
correction term over and above the standard kinetic and potential energy terms for a canonical
quintessence ﬁeld. We aim to study whether the current observational data can distinguish between
the Galileon and the quintessence ﬁeld. Our study shows the remarkable result that for linear and φ2
potentials, the data prefers the Galileon model over quintessence with signiﬁcant Bayesian evidence.
It conﬁrms that the observable universe indeed prefers the inclusion of higher derivative Galileon
correction in the standard scalar ﬁeld Lagrangian.
© 2012 Elsevier B.V.
Cosmological observations [1–3] indicate that our present universe is going through an accelerated expanding phase. The standard lore
is that an unknown form of energy, called the dark energy [4], is responsible for driving the universe into such a late time accelerating
phase. However, the nature of dark energy is still unexplained and remains a challenge for particle physicists and cosmologists alike.
So far, the simplest candidate for dark energy has been the cosmological constant which although is consistent with all observational
data, still it is plagued by acute problems like ﬁne tuning and cosmic coincidence [5]. On the other hand, current observational data can
also accommodate a time varying vacuum energy. In fact, quintessence [6] (a scalar ﬁeld which slow rolls at present energy scale) was
proposed as a candidate for dark energy to provide a dynamical solution to the cosmological constant problem.
Recently a large scale modiﬁcation has been proposed which can explain the late time acceleration at the cosmological scale. This
involves an effective scalar ﬁeld π dubbed as “Galileon” [7] as its Lagrangian respects the shift symmetry in the Minkowski background:
π → π + c and ∂μπ → ∂μπ + bμ where c and bμ are constants. The Lagrangian for such ﬁeld can usually contain three terms: one linear
in π , one contains the usual kinetic term for a canonical scalar ﬁeld and the third one contains term like (∇π)2π . This third term in
particular is related to the decoupling limit of DGP model [8,9]. One can add another two terms involving higher derivatives in such a
way that the ﬁnal equation of motion for the π ﬁeld is still second order [10]. This set up is theoretically appealing due to the absence of
negative energy instability. It also does not contain any unwanted curvature singularity. The model gives rise to late time acceleration of
the universe [11] and at the same time is consistent in astrophysical context through Vainshtein mechanism [12].
Although theoretically Galileon model is more exciting [14] than the standard quintessence scenario, the question remains whether
current observations can distinguish between these two scenario. We aim to study precisely this issue. Our goal is to see whether obser-
vations prefer the Galileon ﬁeld over the standard quintessence scenario.
We consider the action for the Galileon ﬁeld in the lowest nontrivial order keeping up to the third order term in the Lagrangian.
We also keep a general potential term V (π) in the action. In this regard, we should mention that usually the shift symmetry does not
allow the action to contain a potential term. Once we allow the potential term, it violates the shift symmetry which in turn can give rise
to other higher derivative corrections. On contrary, in a recent work, Burrage et al. [13] have shown that in a Galileon action, linear and
quadratic potentials can be added without violating the non-renormalizable theorem and with negligible quantum corrections.
In our study, we keep upto the third order term in the action which can arise from DGP model under decoupling limit. Adding arbitrary
potential in this action is purely phenomenological in spirit. We now write the action as:
S =
∫
d4x
√−g
[M2pl
2
R − 1
2
(∇π)2
(
1+ α
M3
π
)
− V (π)
]
+ Sm (1)
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quintessence ﬁeld. V (π) is the potential for the π ﬁeld. For V (π) = c1π , it is the usual third order action for the Galileon ﬁeld. Sm
is the action for the matter ﬁeld. M is a constant of mass dimension one; by a redeﬁnition of the parameter α, we can ﬁx M = Mpl.
Variation of the action (1) with respect to the metric tensor gμν and assuming a ﬂat Friedman–Robertson–Walker (FRW) space time
with scale factor a(t), we get the Einstein’s equations:
3M2plH
2 = ρm + π˙
2
2
(
1− 6 α
M3pl
Hπ˙
)
+ V (π), (2)
M2pl
(
2H˙ + 3H2)= − π˙2
2
(
1+ 2 α
M3pl
π¨
)
+ V (π). (3)
Varying the action (1) w.r.t. the ﬁeld π , we get the equation of motion for the ﬁeld π as
3Hπ˙ + π¨ − 3 α
M3pl
π˙
(
3H2π˙ + H˙π˙ + 2Hπ¨)+ V ′(π) = 0. (4)
These above equations are supplemented by the matter conservation equation given by:
ρ˙m + 3Hρm = 0. (5)
Let us introduce the following dimensionless quantities
x = π˙√
6HMpl
, y =
√
V√
3HMpl
, (6)
 = −6 α
M3pl
Hπ˙ , λ = −Mpl V
′
V
. (7)
Then we have the autonomous system of equations:
x′ = 3x
3(2+ 5 + 2) − 3x(2−  + y2(2+ 3)) + 2√6y2λ − √6x2 y2λ
4+ 4 + x22 , (8)
y′ = − y(12(−1+ y
2)(1+ ) − 6x2(2+ 4 + 2) + √6x32λ + 2√6x(2+ (2+ y2))λ)
8+ 8 + 2x22 , (9)
′ = −(−3x(−3+ y
2)(2+ ) + 3x3(2+ 3 + 2) − 2√6y2λ − √6x2 y2λ)
x(4+ 4 + x22) , (10)
λ′ = √6xλ2(1− Γ ), (11)
with Γ = V V ,ππ
V 2,π
and Ωm = 1− x2(1+ ) − y2. For  = 0 we recover the autonomous system for the standard quintessence scenario [15].
The equation of state for the π ﬁeld is given by:
ωπ = −12y
2(1+ ) + 3x2(4+ 8 + 2) − 2√6xy2λ
3(4+ 4 + x22)(y2 + x2(1+ )) . (12)
In our system of Eqs. (9)–(12), we have four variables e.g. x, y,  and λ. The variable  sets the relative strength of the Galileon
correction term over the standard kinetic energy term for a quintessence ﬁeld. To solve this system, we need to specify the initial values
for these four variables. We set our initial condition at the decoupling time z = 1000 and evolve the system from then onwards till the
present epoch z = 0.
Initially the π ﬁeld is nearly frozen due to large Hubble damping. This sets xi to be small initially which keeps the equation of state ωπ
to be very close to −1. We vary xi between 0.01 and 10−6 and check that ωπ remains extremely close to −1 initially. The initial value for
 , i , sets the initial strength of the Galileon correction over the standard quintessence term. If this value is zero initially, it remains zero
throughout the history of the universe and the evolution is same as the standard quintessence scenario. Hence the value of i determines
the deviation from the quintessence scenario and the effect of the Galileon correction. So in our study we keep this parameter i as a
model parameter. The parameter λ is the slope of the potential and its initial value determines the slope at which the ﬁeld starts rolling
initially. For smaller values of λi , the π ﬁeld behaves very close to the cosmological constant (C.C). This is irrespective of the form of
potential or whether the π ﬁeld behaves as quintessence or Galileon. As one increases λi , the π ﬁeld starts behaving differently from C.C.
This is shown in Fig. 1 where we plot the equation of state for the π ﬁeld, ωπ , for two potentials (Exponential and Linear) for different
values of λi . We plot this for Galileon ﬁeld assuming i = 15.
Our aim is to distinguish between the quintessence and the Galileon ﬁeld and hence we concentrate in the region where they deviate
substantially from C.C. For this we set λi = 1 in our subsequent calculations which ensures that the π ﬁeld deviates from the C.C behaviour
at present.
With the above choices for xi , i and λi , the initial value of the variable y, yi , is related to the present day matter density Ωm0. The
parameter Γ controls the shape of the potential. In our study, we consider four different forms for the potential, e.g. linear, squared,
exponential and inverse squared. These are the most well studied forms of potential for the scalar ﬁeld model of dark energy.
142 Md.W. Hossain, A.A. Sen / Physics Letters B 713 (2012) 140–144Fig. 1. Evolution of the equation of state ωπ for the π ﬁeld as function of redshift. From top to bottom, λi = 1,0.5,0.1, Ωm0 = 0.3, i = 15. The left one is for linear potential
and the right one is for exponential potential.
Fig. 2. Evolution of the equation of state ωπ for the π ﬁeld as function of redshift. Dashed, dotted and dash-dotted lines represent i = 0,20,40 whereas solid line represent
the quintessence ﬁeld. Potential is chosen to be linear one. Here Ωm0 = 0.24.
In Fig. 2, we show the behaviour of the equation of state ωπ as a function of redshift for different values of i . We choose Ωm0 = 0.24.
We show it for the linear potential, but the overall behaviour remains same for other potentials as well as for other values of Ωm0. From
this ﬁgure, it is apparent that for i = 0 initially, the π behaves exactly same as quintessence. As one increases the i , the two models
starts deviating from each other. This deviation is slightly higher for smaller value of Ωm0. Hence constraining i by observational data is
crucial to distinguish between quintessence and Galileon ﬁeld.
In the rest of the Letter, we concentrate on this issue. For this, we consider various observational data currently available.
We consider the Union2 compilation of the dataset for the Supernovae Type Ia observation which comprises of 557 data points [16].
It measures the luminosity distance dL(z) deﬁned as
dL(z) = (1+ z)
z∫
0
dz′
H(z′)
. (13)
This is related to the distance modulus ‘μ’ which is experimentally measured:
μ =m − M = 5 log dL
Mpc
+ 25, (14)
m and M being the apparent and absolute magnitudes of the Supernovae.
We also use the Baryon Acoustic Oscillations measurements [17] by the large scale SDSS galaxy survey. In this case, the relevant
parameter is Dv which is related to the angular diameter distance as follows:
Dv =
[
zBAO
H(zBAO)
( zBAO∫
0
dz
H(z)
)2]1/3
. (15)
For BAO measurements one calculates the ratio Dv (z=0.35)Dv (z=0.20) . This ratio is a relatively model independent quantity and has a measured value
1.736± 0.065.
Lastly we use determinations of the cosmic expansion history from red-envelope galaxies by the Keck–LRIS spectrograph [18]. It con-
tains 12 measurements of the Hubble parameter H(z) at different redshifts. The measurement at z = 0 was from HST Key project [19].
Md.W. Hossain, A.A. Sen / Physics Letters B 713 (2012) 140–144 143Fig. 3. Conﬁdence contour in i − Ωm0 plane for different potentials (top left-linear, top right-π2, bottom left-exponential, bottom right- 1π2 ) using SN+ BAO + HUBBLE data.
The dark region represent the conﬁdence region at 68% conﬁdence level whereas the dark + light region represents the region at 95% conﬁdence level.
Table 1
Difference of Bayesian evidence:  ln E = ln(Egal) − ln(Equint).
Potential  ln E Comment
Linear 9.3144 Decisive
π2 2.56215 Strong
Exponential 0.933602 Nearly signiﬁcant
1
π2
0.446915 Not so signiﬁcant
Using all these observational data, our aim is to constrain the parameter i . We do not make any assumption on range of i which
may arise due to the underlying theory. We simply want to see what is allowed by observational data.
The result is shown in Fig. 3. Here we show the conﬁdence contours in the i − Ωm0 parameter space for various potentials. We also
show the bound on Ωm0 as obtained by WMAP 7 observation which is given by Ωm0 = 0.2669 ± 0.0288. The most striking result is that
for both linear and φ2 potentials, the quintessence case (i = 0) is ruled out by more than 95% (2σ ) conﬁdence level. For the exponential
potential, the quintessence case is ruled out at 68% (1σ ) conﬁdence level. Only for the inverse squared potential both the quintessence
and the Galileon behaviour are allowed both at 1σ and 2σ conﬁdence level.
But one should note that the model with Galileon correction has one extra parameter i , compared to the quintessence model. Hence
it is expected that the former will ﬁt the data better. But this does not guarantee that the model with Galileon correction is preferred
over quintessence. To investigate that, we calculate the Bayesian Evidence E for the models which is deﬁned as [20,21]
E =
∫
L(θ)P (θ)dθ, (16)
where θ represents the set of parameters for a given model, L represents the Likelihood function (which is related to the χ2 as
−2 lnL = χ2) and the P (θ) is the prior distribution for parameter θ . For our case, as we do not have speciﬁc knowledge about the
parameter i , we assume a uniform distribution for P (i). For the other parameter Ωm0, we assume a Gaussian prior with WMAP con-
straint on Ωm0 as mentioned in the previous paragraph. According to Jeffrey’s interpretation [22],  ln E between 1 and 2.5 is signiﬁcant
evidence for a model with higher E while the same between 2.5 and 5 is a strong to very strong evidence. If  ln E is more than 5, it is
the decisive evidence for a model with higher E . Keeping this in mind, we calculate  ln E assuming quintessence (i = 0) and Galileon
(i = 0) as two different models. We calculate it for all the potentials mentioned earlier. The result is shown in Table 1. From this table,
it is indeed clear that for linear potential, there is a decisive evidence in favour of model with Galileon correction. For φ2 potential, the
evidence is strong for models with Galileon correction while for other two potentials, one cannot say anything conclusively.
To conclude, the inclusion of Galileon correction term in the standard canonical scalar ﬁeld Lagrangian is well motivated and elegant.
Although the actual theory can contain a number of terms, we restricts ourselves to the simple case of Galileon model which contains
three terms in the Lagrangian plus an arbitrary potential. In this regard, our model is phenomenological in its spirit. Our aim is to see
whether such inclusion of higher derivative terms is also observationally interesting. In other words whether cosmological observations
prefer such terms over the standard canonical kinetic term. We stress that our goal is not to compare Galileon model with Λ CDM which
is consistent with all the current observations. Hence we consider the parameter region where the π ﬁeld behaves differently from C.C.
Recently it has been shown [23] that Galileon models which match the observational data for background cosmology, are ruled out due to
large variation in the Newton’s constant. But in these models, the Galileon ﬁeld is either coupled to the curvature tensors or with matter
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matter ﬁeld. It is just a minimally coupled quintessence ﬁeld with higher order corrections in its kinetic term. Hence there is no variation
in the Newton’s constant and the above result is not applicable to our case.
By ﬁtting this model with observational data, and thereafter calculating the Bayesian Evidence, we show that data indeed prefer the
Galileon correction over the standard canonical kinetic term for linear and φ2 potentials. We should mention that form of the potentials in
our study is purely on phenomenological basis. Currently, there is neither any theoretical as well as observational criterion through which
one can justify such forms for the potentials. (See also [24] where a linear potential for quintessence ﬁeld has been consructed in the con-
text of string theory.) But for few speciﬁc forms of the potential which have been widely studied for quintessence ﬁeld, we show that sim-
ple Galileon correction upto third order is preferred by data related to background cosmology for two potentials, e.g., linear and quadratic.
A possible generalisation of our study is to include the other higher order Galileon correction terms.
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